We studied the domain structures in immiscible polystyrene -poly(methyl methacrylate) (PS/PMMA) lms by using atomic force microscopy, lateral force microscopy and force spectroscopy. As previously known, circular PS bumps are formed on the PMMA layer after annealing, which was conrmed by the topographic image. We found that lateral force image showed substructures on the PS bumps. The sub-structures (or domains) have circular shapes on the centers of the PS bumps. Because the lateral forces on the domains have similar values on the PMMA layer, the domains are thought to have the chemical composition of PMMA. This estimate is supported by the force spectroscopy result, which shows that the pull-o force between the domain and a cantilever tip also has values similar to that for the PMMA layer.
I. INTRODUCTION
Studies on the surface structure for polystyrene (PS) -polymethylmethacrylate (PMMA) mixture lms have been extensively performed, both experimentally and theoretically for the last few decades [1{6] . Especially, its applicability to ultra-high-density data storage devices has attracted enormous interest in the PS/PMMA block copolymer systems [3] . The polymeric blend lms with thicknesses of less than 2Rg of the higher molecular weight component can be classied as two-dimensional ultrathin blend lms [3] . A exible polymer chain in an ultrathin lm is in a nonequilibrium state because the conformational entropy of an individual chain in a constrained thin region is lower than that for a threedimensional bulk state. Krausch et al. reported the atomic force microscopy (AFM), lateral force microscopy (LFM) and stiness images of PS/PMMA blends prepared by spun casting from a toluene solution onto polished silicon wafers and annealing above the glass transition temperature in vacuum [7] . They showed highresolution images of the lateral force with high contrast between the PS-rich and the PMMA-rich phases. Even though the bulk frictional forces on PS and PMMA are quite close, they found that these PS-rich and PMMArich phases exerted quite dierent frictional forces on a sliding Si 3 N 4 tip. £ E-mail: yseo@sejong.ac.kr Tanaka et al. reported the thickness dependence of the PS/PMMA blends on the domain structures [1] . Their samples were prepared by using a spin coating method and the substrates used were gold, silicon wafers and siliconized cover glass. In the case of the PS/PMMA lm of 25 m in thickness, the air-polymer interfacial region was covered with a PS-rich overlayer. In the case of the PS/PMMA thin lm of 100 nm in thickness, a phaseseparated structure, in which the PMMA-rich domains had separated from the PS rich matrix, was formed at the lm's surface. On the other hand, the two-dimensional PS/PMMA ultrathin lm of 10.2 nm in thickness did not show a distinct phase-separated structure. Moreover, the two-dimensional PS/PMMA ultrathin lm of 6.7 nm in thickness showed a ne, distinct phase-separated structure with a domain size of a few hundred nanometers. As a result, the PS/PMMA thin lm shows very distinctive domain structures, depending on the thickness and the composition ratio. In this research, we prepared PS/PMMA blends with and without a PS-b-PMMA diblock copolymer and measured the frictional force and the pull-out force, microscopically, to study the domain structures on the blend thin lms.
II. EXPERIMENT
Monodisperse polystyrene (PS, Mw = 65 K and Mw/Mn = 1.04), poly(methyl methacrylate) (PMMA, Mw = 26.9 K and Mw/Mn = 1.11) and PS-b-PMMA diblock copolymer (Mw = 14.9 K { 13.1 K and Mw/Mn = 1.05) were purchased from Polymer Source Inc. and Pressure Chemical Company. The polymers were dissolved in toluene and were spun cast directly onto Si wafers. Before use, the polymer solution was ltered through a 0.45-m PVDF membrane lter to remove dust or aggregated particles. The Si wafers were prepared by treatment in a piranha cleaning solution in order to avoid contamination and were used just after cleaning procedure.
We prepared two sets of samples: PS/PMMA blend with a weight ratio of 1 : 1 and the same blend with a 5-wt% PS-b-PMMA diblock copolymer. By changing the solution concentration in toluene, the lm thickness was controlled in the range of 1 $ 100 nm. Phase separation of the blend lms was then allowed to occur by annealing the samples at a temperature of 165 C, well above the glass transitions (T g 9 100 C and 120 C for PS and PMMA, respectively) in a vacuum of $10 3 Torr for three days. For a wet etching process to remove the PMMA component selectively, the sample was dipped into acetic acid, sonicated for 10 sec and then dried in air.
We used a commercial AFM (XE-100, PSIA Co.) for topography, lateral force and spectroscopy measurements [8, 9] . The cantilever (NSC36, Mikromasch) we used has a spring constant of 0.2 N/m and the tip was made with Si, which was coated with an oxide layer. The contact-mode scanning method was used for topographic and lateral force imaging. The scanning rate was 0.5 Hz and the normal force applied on the cantilever was 1 nN. Figure 1 shows representative images of the topography (a,c,e) and the frictional force (b,d,f) for the sample with a diblock copolymer with thicknesses of 40, 15 and 7 nm from top to bottom. As one can notice, the thinner lm has smaller and more bumps. (Notice the dierent axis scale between images (c-d) and (e-f)). The morphologic analysis on this system conrmed that the number of PS bumps was inversely proportional to the lm thickness and that the proportionality constant was invariable for the blends without regard to the existence of the diblock copolymer [10] . The bumps in the topographic images correspond to PS-rich phases, as conrmed in the literature [7] . Also, the lower frictional force for PS bumps, compared to the PMMA-rich area (background), in the LFM images agrees with others' results [7, 11] .
III. RESULTS AND DISCUSSION
Previous tracer diusion experiments involving the two polymers showed a large dierence between the PS and the PMMA monomeric friction coecients. [7] Feldman et al. [2] obtained LFM images of the PS/PMMA thin lm with two chemically-treated AFM tips (SiO x and Au). Their images clearly revealed the tip-dependent reversal of the frictional contrast for the two polymers. In the other words, the friction for PSSiO x was lower than that for PMMA-SiO x and higher for PS-Au than for PMMA-Au. Because the tip we used was coated with SiO x , our result is in agreement with Figure 1 (b) and they are blurred in smaller bumps in Figure 1 (f). The bright spots look like subdomain structures on PS-rich phases. We attempted to nd evidence of subdomain structures on the topographic images, but there were no discontinuous boundaries of the subdomains on the morphological structure. Judging from these LFM images, the thicker lm shows larger sub-domain structures. Similar subdomain structures were reported by Cyganik et al. [13] . According to their study, three phases, deuterated PS, poly(2-vinylpyridine) and PMMA, were separated on a sub-micron length scale and were clearly distinguished by the LFM image, showing discrete contrast in the LFM signal.
To gure out the LFM contrast and structures, we measured similar images on the samples without a diblock copolymer. Figure 2 shows the topographic and the LFM images of the sample without a diblock copolymer with a 42-nm thickness. The scanned area was 10 ¢ 10 m 2 . The maximum height of the bumps was about 170 nm and the LFM maximum contrast was 0.25 nN. Even though the topographic structure of this sample is very similar to that of the sample with a diblock copolymer, the LFM image of the sample without a diblock copolymer shows a pretty dierent contrast, which is 1/10 smaller than that with a diblock copolymer. One can nd bright spots at the centers of bumps, even though they are much blurred compared to the sample with a diblock copolymer. Therefore, we suspect that the existence of the subdomain structure in the PS bump is an intrinsic feature of the PS/PMMA blend with a 1 : 1 ratio, without respect to the existence of the diblock copolymer. The dierence in the frictional force between PS-and PMMA-rich phases was increased by dosing with the diblock copolymer. In order to check whether the tip condition causes dierent contrasts, we measured the samples with and without a diblock copolymer alternatively, with one cantilever tip and the contrast dierence was indeed conrmed.
In order to conrm whether the subdomain is a PMMA-rich phase, we performed force spectroscopic measurements, as shown in Figure 3 . The sample for this measurement was the one with a diblock copolymer. After the topographic (Figure 3(a) ) and LFM ( Figure  3(b) ) measurements, four points (numbered as 1, 2, 3 and 4) on a PS bump were selected and the cantilever was pushed and pulled on the points. The scanned area for Figures 3(a) and (b) was 6.5 ¢ 6.5 m 2 and the scan rate was 1 Hz. The spectroscopic data showed a hysteresis behavior, which can be attributed to both the hysteresis of the z-directional piezo scanner and the adhesive force of the sample. In the approaching trace in Figure 3 (c), small dips right before the contact point were found; in the retracting traces, large dips, so-called jump-o-contacts, were noticeable [14] . The small dips in the approaching trace indicate an attractive (van der Waals) force between the tip and the sample. The attractive force on point 2 (red line) is slightly larger than those on the other points. In the retracting curves, the datum on point 2 (red) was found to have the largest pull-o force (2.5 nN) than other points (1, 3 and 4) on the bump. As one can see in the LFM image shown in Figure 3(b) , the point 2 corresponds to the subdomain area.
We measured a similar set of data on a dierent bump more carefully with a dierent tip, as shown in Figure  4 . The topography (Figure 4(a) ), the LFM images (Figure 4(b) ) and the spectroscopic data (Figure 4(c) ) are shown. We chose 10 points, including the PMMA-rich area, as indicated by the numbers in Figure 4 The numbers show the sequential order of the measurements. In this measurement, the approaching traces did not show unambiguous data regarding the position dependency of the attractive forces. We attribute this to the poor signal-to-noise ratio of our instrument. However, the retracting data show a clear site dependency of the pull-o forces. The pull-o force on the PMMA-rich area (point 1) was largest ($4 nN) and the second was that at the center of the bump (point 8). This indicates that the subdomain has a chemical composition similar to that of the PMMA-rich phases. A careful inspection of the LFM image (Figure 4(b) ) shows that the subdomain has an extended area in the vertical direction, including points 3 and 7, which could be a local ordering that occurred during the annealing process. The spectroscopic data for points 3 and 7 also conrm that the extended area may have a PMMA-rich component, judging from the pull-o forces being larger than those at the other points on the bumps (points 2, 4, 5, 6, 9 and 10). The data curves on points 2, 4, 5, 6, 9 and 10 are almost collapsed and their dips ($1 nN) are much shallower than the others. This indicates that the pull-o forces on PSrich phases are much smaller than they are on PMMArich phases. According to Feldman et al.'s measurement, the PMMA surface has a 2 or 3 times larger pull-o force than the PS surface, which was measured by using a silicon oxide tip [2] . Our result is in good agreement with Feldman et al.'s result.
Chemical wet etching was performed on the samples with a diblock copolymer to remove the PMMA (30 nm) selectively by using acetic acid. In Figures 5 , the topographic (a), LFM (b) images and topographic line prole (c) of the PMMA-selectively-etched sample are shown. From the line prole, the protrusion of bumps (9200 nm) increased as much as the background PMMA thickness (930 nm), conrming that the background PMMA was removed. In the LFM image, the contrast dierence between the bumps and the background was not noticeable; excepting for the left and the right side edges of the bump having a slight contrast change due to drastic topographic changes. Because the frictional force between the PS-rich phase and the tip was much smaller than that for PMMA-rich phase, the reduced LFM image contrast is plausible. The PMMA-rich subdomain structures on the PS bump were conrmed to be removed together with the background PMMA-rich lm. We suspect some residue of PMMA could remain on top of the PS-rich phase in the self-assembly process and could form circular shapes due to its immiscible nature.
IV. CONCLUSIONS
We measured the topography, LFM images and the local pull-o forces on PS/PMMA blends with a 1 : 1 weight ratio with and without a 5 % PS-b-PMMA diblock copolymer. According to the topographic images, the PS/PMMA blend lms were phase-separated, forming PS bumps on a PMMA background layer. The PSrich phases had circular shapes with $m diameters and $100-nm heights.
We investigated the microscopic structures on the PS bumps by using frictional and pull-o force measurements. We found a subdomain structure on the PS-rich phases in the PS/PMMA blends, which became clearer by dosing with a PS-b-PMMA diblock copolymer. The subdomain on the sample with a PS-b-PMMA diblock copolymer was conrmed to be a PMMA-rich phase, judging from the lateral force and the pull-o force on the subdomain being close to that for the PMMA-rich phase. Also, we found that the frictional and the pullo forces of the PMMA surface were increased by dosing with the diblock copolymer.
